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Pif1 is a conserved SF1B DNA helicase involved in
maintaining genome stability through unwinding
double-strandedDNAs (dsDNAs), DNA/RNA hybrids,
and G quadruplex (G4) structures. Here, we report
the structures of the helicase domain of human Pif1
and Bacteroides sp Pif1 (BaPif1) in complex with
ADP-AlF4
– and two different single-stranded DNAs
(ssDNAs). The wedge region equivalent to the
b hairpin in other SF1B DNA helicases folds into an
extended loop followed by an a helix. The Pif1 signa-
ture motif of BaPif1 interacts with the wedge region
and a short helix in order to stabilize these ssDNA
binding elements, therefore indirectly exerting its
functional role. Domain 2B of BaPif1 undergoes a
large conformational change upon concomitant
binding of ATP and ssDNA, which is critical for
Pif1’s activities. BaPif1 cocrystallized with a tailed
dsDNA and ADP-AlF4
–, resulting in a bound ssDNA
bent nearly 90 at the ssDNA/dsDNA junction. The
conformational snapshots of BaPif1 provide insights
into the mechanism governing the helicase activity
of Pif1.
INTRODUCTION
The prototypical member of Pif1 family helicases was first identi-
fied frommitochondria ofSaccharomyces cerevisiae (ScPif1) (La-
haye et al., 1993). Pif1 playsmultiple roles inmaintaining genome
stability in both nucleus and mitochondria. The nuclear functions
of Pif1 include the inhibition of telomerase at both telomeres and
double-strand breaks (DSBs) (Boule´ et al., 2005; Myung et al.,
2001; Schulz and Zakian, 1994; Zhou et al., 2000), processing
Okazaki fragments (Bochman et al., 2010; Boule´ and Zakian,
2006), promoting break-induced replication (Wilson et al.,
2013), regulating rDNA replication (Ivessa et al., 2000), and
preventing replication pausing and DSBs at G quadruplex (G4)
structures (Lopes et al., 2011; Paeschke et al., 2011, 2013).2030 Cell Reports 14, 2030–2039, March 1, 2016 ª2016 The AuthorsPif1 belongs to superfamily 1 (SF1) helicases, which can be
divided into two groups based on the directionality of transloca-
tion: 30–50 for SF1A helicases and 50–30 for SF1B helicases
(Singleton et al., 2007). SF1B helicases include Upf1-like RNA
helicases and Pif1-like DNA helicases (Raney et al., 2013). The
Pif1-like helicases include baker’s yeasts Pif1 and Rrm3, fission
yeast Pfh1, human Pif1, and bacteriophage T4 Dda and RecD
(Bochman et al., 2010). Pif1-like helicases share seven
conserved motifs—I, Ia, II, III, IV, V, and VI—common to SF1 en-
zymes as well as three additional motifs, A, B, and C (Bochman
et al., 2011) (Figure S1). A degenerate sequence located be-
tween motifs II and III, termed the Pif1 ‘‘signature motif,’’ is
only found in Pif1 helicases and not RecD or Dda (Bochman
et al., 2011). However, the function of this signature motif is
not known.
Biochemical studies showed that Pif1 in ScPif1 inhibits telo-
merase function (Zhou et al., 2000) by removing telomerase
from telomeric DNA (Boule´ et al., 2005), and the process in-
volves unwinding of the DNA/RNA duplex formed in the telo-
merase-telomere stalled complex (Boule´ and Zakian, 2007;
Ramanagoudr-Bhojappa et al., 2013; Zhang et al., 2006).
ScPif1 and Human Pif1 (hPif1) require single-stranded DNA
(ssDNA) region for binding and prefers forked DNA structures
to non-forked structures for unwinding (George et al., 2009;
Gu et al., 2008; Lahaye et al., 1993). The N-terminal domain
of hPif1 enhances interaction with ssDNA but is not essential
to carry out its helicase functions (Gu et al., 2008). Kinetic
analysis showed that ScPif1 exhibits a single-base-pair kinetic
step for unwinding duplex DNA, powered by hydrolysis of one
molecule of ATP (Ramanagoudr-Bhojappa et al., 2013). ScPif1
preferentially binds G4 (Paeschke et al., 2013), and the
conserved helicase domain of ScPif1 and hPif1 possess both
G4- and dsDNA-unwinding activities (George et al., 2009;
Paeschke et al., 2011; Ribeyre et al., 2009; Sanders, 2010).
A more recent kinetic analysis showed that ScPif1 binds to a
parallel quadruplex DNA tightly but unfolds it slowly (Byrd
and Raney, 2015).
It has been reported that DNA binding induces dimerization of
ScPif1 (Barranco-Medina and Galletto, 2010) and that dimeriza-
tion is not required for the helicase to translocate efficiently on
ssDNA (Galletto and Tomko, 2013). Recently, single-molecule
Figure 1. Structures of Pif1 Helicases
(A) Cartoon representation of hPif1-HD. The two RecA-like domains 1A and 2A
are colored green and salmon, and the accessory domain 2B is colored blue.
The Pif1 signature motif and the wedge region are shown in gold and red,
respectively. ADP–AlF4
– is shown as grey sticks.
(B) Cartoon representation of BaPif1-ADF. The coloring scheme of domains
(1A, 2A, and 2B), the Pif1 signature motif, the wedge region, and ADPAlF4– is
as in (A). Secondary structural elements a4, a5, a6, h2, b15, and b16 are
labeled. See also Figures S1 and S2.fluorescence resonance energy transfer experiments showed
that a ScPif1 monomer is preferentially recruited to 30 ssDNA/
dsDNA junctions and induces repetitive DNA looping that is
tightly coupled to its translocation activity powered by its
ATPase (Zhou et al., 2014). Subsequently, Hou et al. (2015) re-
ported that ScPif1 unwinds G4 through a mechanism involving
sequential and repetitive unfolding of G4 that is linked strictly
with the intrinsic properties of G4 and Pif1.
Notably, the purified bacterial Pif1 helicases bind G4s potently
and unwind them robustly (Paeschke et al., 2013), suggesting
that the G4-unwinding activities of Pif1 helicases are conserved
from bacteria to human. The roles of Pif1 helicases in bacteria
have not beenwell characterized, although they have been impli-
cated in maintaining prokaryotic telomere, resolving DNA/RNACesecondary structures, and complementing the lack of other hel-
icases (Bochman et al., 2011). Most recently, biochemical
studies showed that Pif1 from Bacteroides sp. 3-1-23 (BsPif1)
is a multifunctional helicase that is capable of binding of a wide
range of DNA substrates (Liu et al., 2015). Like its eukaryotic ho-
mologues, BsPif1 resolves the R loop and efficiently unwinds
both DNA/RNA hybrids and G4s. Intriguingly, BsPif1 resembles
hPif1 more than ScPif1 in terms of substrate binding specificity,
helicase activity, and mode of action.
Crystal structures of the related SF1B DNA helicases RecD2
from Deinococcus radiodurans and the T4 phage Dda in com-
plex with ssDNA with or without ATP analogs have been deter-
mined (He et al., 2012; Saikrishnan et al., 2009). The common
features of RecD2 and Dda are that they share two subdomains,
termed 1B and 2B domains, with 1B domain (referred to as the
‘‘pin’’) acting as a ‘‘wedge’’ for separation of dsDNA. Structural
analysis of RecD2 combined with biochemical data revealed
the molecular basis of 50-30 translocation (Saikrishnan et al.,
2009).
Here, we determined the crystal structures of the helicase core
domain of human Pif1 (hPif1) as well as Pif1 from Bacteroides sp.
2-1-16 (BaPif1) in different conformational states. The structural
snapshots of BaPif1 combined with mutagenesis defined the
functional role of the Pif1 signature motif and provided mecha-




We determined the crystal structure of the helicase core
domain (residues 200–641) of human Pif1 (hPif1-HD) with
bound ADP-AlF4
– at a resolution of 3.5 A˚. Given that subse-
quent efforts to crystallize hPif1 in complex with DNA sub-
strates failed, we focused on BaPif1, which shares a sequence
identity of 29% with hPif1-HD (Figure S1). BaPif1 is essentially
the same helicase as BsPif1 because they have identical se-
quences except for a single amino acid substitution at position
138. Both BaPif1 and BsPif1 have been shown to be potent G4
unwinders (Liu et al., 2015; Paeschke et al., 2013). The crystal
structures of BaPif1 in apo form and, in complex with
ADP-AlF4
– (BaPif1-ADF), were determined at resolutions of
2.0 A˚ and 2.1 A˚, respectively. Both hPif1-HD and BaPif1
comprise three domains, 1A, 2A, and an accessory domain
2B found as an insertion in domain 2A (Figures 1A and 1B).
Domains 1A and 2A have the RecA-like fold commonly seen
in all SF1 and SF2 helicases (Singleton et al., 2007), whereas
domain 2B adopts an SH3-like fold seen in the structure of
RecD2 (Saikrishnan et al., 2009). The 1B domain comprising
a b hairpin (‘‘pin’’) structure observed in other SF1B DNA heli-
cases Dda and RecD2 (He et al., 2012; Saikrishnan et al.,
2009) (Figure S2A) does not exist in Pif1. Instead, the structur-
ally equivalent region (residues 71–99 in BaPif1 and 273–299 in
hPif1-HD) folds back onto domain 1A, forming an extended
loop (a4–a5) followed by a short helix (a5), which we refer to
as the ‘‘wedge region’’ (Figures 1A and 1B).
Superposition of hPif1-HD with BaPif1-apo and BaPif1-ADF
showed that these three structures are very similar in terms ofll Reports 14, 2030–2039, March 1, 2016 ª2016 The Authors 2031
Figure 2. Interactions of BaPif1 with ssDNA
(A) Structural superposition of BaPif1-dT and BaPif1-dH (colored as in Fig-
ure 1). The bound ssDNAs dT and dH are shown in magenta and grey,
respectively.
(B) Interactions of the ssDNA with BaPif1 with residues in domains 1A, 2A, and
2B are colored green, salmon, and blue. The interactions of the nucleotides
T3–T8 in BaPif1-dT are identical to those of T3–C8 of BaPif1-dH.
(C) The dsDNA used for crystallization of BaPif1-dH.
(D) Stereo representation of the interactions of nucleotides C8–G10 in the bent
region of dH in BaPif1-dH. See also Figures S1, S3, and S4.the fold, orientation of individual domains, and conservation of
the key sequence motifs (Figure S2B). These observations are
corroborated by functional characterization of BsPif1 that
suggests that hPif1 and BsPif1 share similar substrate specificity
and unwinding activities (Liu et al., 2015). Given that the struc-
tures of BaPif1 are determined at higher resolution, subsequent
analysis and discussion will only refer to the structures of
BaPif1. The data collection and refinement statistics are given
in Table S1.2032 Cell Reports 14, 2030–2039, March 1, 2016 ª2016 The AuthorsInteraction of ssDNA with BaPif1
ScPif1 and BsPif1 preferentially bind to poly-purine tracts with
the Kd values in the nM range, indicating Pif1’s preference for
G-rich over non-G-rich (Kd in the mM range) single-stranded
DNA (ssDNA) (Liu et al., 2015; Paeschke et al., 2013). To examine
the effect of the ATP analog on the ssDNA binding to BaPif1,
isothermal titration calorimetry (ITC) was used to check the bind-
ing of a 10-mer oligo-dT (dT10) to BaPif1 in the absence and
presence of ADP-AlF4
–. The results (Figures S3A and S3B)
showed that the binding affinity of BaPif1 to oligo-dT increased
more than 20-fold in the presence of ADP-AlF4
–, suggesting
that the transition state analog of ATP can promote binding of
ssDNA to BaPif1. In support of our ITC results, ScPif1 binds to
the 20 bp forked DNA:DNA and RNA:DNA duplexes at least
2-fold stronger in the presence of AMP-PNP (Chib et al., 2016).
To gain insights into the interaction of ssDNA with BaPif1, we
solved the crystal structure of BaPif1 in complex with ADP-AlF4
–
and 10 nt oligo-dT (designated as BaPif1-dT) at 2.9 A˚ resolution.
A 6 nt long oligo-dT is observed in the resultant electron density
of BaPif1-dT (Figure S4A), consistent with the ssDNA contact
size of 6–8 nt revealed by biochemical data (Barranco-Medina
and Galletto, 2010).
The 6 nt oligo-dT binds in a composite DNA binding channel
formed by domains 1A, 2A, and 2B and traverses the 2A and
1A domains in a 50-to-30 direction (Figure 2A), similar to what
was observed for other helicases (Singleton et al., 2007). The ba-
ses are numbered T3 to T8 in accordance with those observed in
the ternary complex of RecD2 (Saikrishnan et al., 2009). The
binding of oligo-dT to BaPif1 is mediated mainly by the contacts
of the backbone of the oligo-dT with protein via a combination of
electrostatic and hydrogen bonding and base-stacking interac-
tions, as depicted in Figure 2B. In brief, the main chain amide
groups of Gly56 and Lys237 and the side chains of Thr66,
Ser69, Thr359, and Lys362make hydrogen bonds with the phos-
phate backbone of the ssDNA. Moreover, His361 and His68
stack against the deoxyribose moieties of T4 and T6, respec-
tively. His68 and His361 of BaPif1 are conserved in SF1B DNA
helicases and correspond to His409 and His646 in RecD2 (Saik-
rishnan et al., 2009) and His82 and His396 in Dda (He et al.,
2012). Furthermore, the bound ssDNA has a number of base-
stacking interactions with BaPif1. The side chain of Phe379
stacks against the base of T3, Val149 is sandwiched between
T4 and T5, Phe75 stacks against T6, and Pro74 has hydrophobic
interactions with T7. In contrast to the extensive interactions with
ssDNA mediated by the 1A and 2A domains, domain 2B has
fewer numbers of interactions with ssDNA in that only two resi-
dues, Asn296 in motif C and Asn288 in motif B, are hydrogen
bonded to the phosphate groups of T6 and T8, respectively.
To investigate how BaPif1 unwinds a double-stranded DNA
(dsDNA), we crystallized BaPif1 in complex with ADP-AlF4
– and
a 50-tailed dsDNA (Figure 2C; designated as BaPif1-dH). Surpris-
ingly, crystal structure of BaPif1-dH (Figure 2A) determined at
2.0 A˚ showed only the tracking strand in the electron density
map, suggesting that the dsDNA has been unwound through dis-
placing the 12 nt complementary strand. Of the 19 nt of the
tracking strand, only eight could be modeled unambiguously
(Figure S4B; numbered as in BaPif1-dT). The interactions of nu-
cleotides T3–T7 of the tracking strand with BaPif1 are essentially
Figure 3. The Functional Role of the Pif1 Signature Motif
The Pif1 signature motif (gold) interacts with the wedge region (red) and helix
a4 (green) to form a hydrophobic interaction network, which is essential for
orienting the ssDNA binding residues. The ssDNA observed in BaPif1-dH is
shown in magenta, and the ssDNA binding residues Thr66, His68, Ser69,
Pro74, Phe75, Ser89, Tyr91, and Lys92 are shown as light grey sticks. See also
Figure S1.identical to those seen in the BaPif1-dT (Figure 2B). However, the
bound tracking strand displays a90 bend between C8 and C9
at the 30 end, such that the bases of C9 and G10 point in the di-
rection opposite to those of other nucleotides (Figure 2D). Struc-
tural comparison of BaPif1-dH with BaPif1-dT showed that the
local structural changes in BaPif1 in response to tracking-strand
binding stabilize the bent conformation of ssDNA. For example,
Ser89 interacts with the bent phosphate through its main-chain
amide and side-chain hydroxyl groups. Tyr91 shifts 1.0 A˚
from its corresponding position in BaPif1-dT to stack against
the base of C9, whereas Lys92 shifts as much as 1.5 A˚ to
make a hydrogen bond with the phosphate group of C9. The ter-
minal nucleotides visible in the electron density, C9 and G10,
sandwich Leu291 from domain 2B. Of the residues involved in
ssDNA binding in both BaPif1-dT and BaPif1-dH, Thr66, His68,
and Ser69 belong to helix a4, whereas Tyr91 and Lys92 belong
to a5, and Pro74, Phe75, and Ser89 are located in loop a4–a5
in the wedge region.
To examine the role of the residues involved in multiple con-
tacts with ssDNA, we mutated several residues in BaPif1, which
are conserved from bacteria to human, and examined the effects
of mutations on ssDNA binding and DNA unwinding activities
(Figures S3C–S3F). Substitutions of Thr66 and Thr359 to Ala,
which contact the phosphate backbone of ssDNA, reduced
ssDNA binding by 10% and 70%, respectively, but nearly abol-
ished the duplex unwinding activity of BaPif1. Mutations of
Phe379 and His68 to Ala, which stack against the base of T3Ceand the deoxyribose moiety of T6, respectively, retained the
comparable ssDNA binding ability to wild-type BaPif1 but
showed dramatically reduced duplex unwinding activities. Muta-
tion of Asn296 in domain 2B to Ala, which contacts the phos-
phate group of T6, retained 60% of the ssDNA binding activity
of wild-type BaPif1 but lost 90%of the duplex unwinding activity.
Asn296 corresponds to Asn604 in RecD2, whose mutation has
been shown to inactivate the helicase activity of RecD2 (Saik-
rishnan et al., 2009). Two mutations, K92A and V149A, reduced
ssDNA binding by 10% but showed 30%–40% reduced duplex
unwinding activities in comparison to the wild-type enzyme.
Altogether, these results suggest that the residues involved in
contact with ssDNA are critical for the function of BaPif1.
The Functional Role of the Pif1 Signature Motif
The Pif1-specific signature motif of BaPif1 folds into an a helix
(a6) followed by a loop and a 310 helix (h2) (Figure 1B). Helix a6
interacts with helix a4, loop a4–a5, and helix a5 of the wedge
region through predominantly hydrophobic contacts (Figure 3).
Specifically, Ile114, Ile118, Leu122, Val125, and Tyr126 of a6
interact with Leu67 and Phe71 of a4, Ile73 and Phe88 of loop
a4–a5, and Val93, Leu96, Leu97, and Met99 of a5. Given that
the wedge region and helix a4 are involved in ssDNA binding,
the interaction of the Pif1 signature motif with the wedge region
and helix a4 would stabilize the conformations of these regions
for ssDNA binding. Incidentally, an hPif1 L319P mutation iden-
tified in human breast cancer cells is located in the signature
motif (Chisholm et al., 2012). Functional analysis of the corre-
sponding mutation (L430P) in Pfh1 of S. pombe showed that
this variant could not complement its essential functions.
Leu319 in hPif1 is equivalent to Ile118 in BaPif1 (Figure S1);
mutation of this residue to proline would cause a kink in the he-
lical signature motif and consequently destabilize the interac-
tion with helices a4 and a5 and the loop a4-a5. Furthermore,
the I118A, I118P and I118E variants of BaPif1 were tested for
their abilities to bind ssDNA and unwind dsDNA as well as
G4 substrates (Figure 4). The results showed that the I118P
and I118E variants retained % 10% of ssDNA binding, dsDNA,
and G4-unwinding activities in comparison to the wild-type pro-
tein. In contrast, mutation of Arg123 to Ala in the signature
motif, which points to the solvent region, has no significant ef-
fect on these three activities. These observations suggest that
the Pif1 signature motif plays an indirect yet decisive role in
Pif1’s enzymatic activity.
Concomitant Binding of ATP and ssDNA to Pif1 Induces
Large Conformational Changes
The structures of BaPif1 in apo and ADP-AlF4
–-bound states
adopted essentially the same conformation, showing that
domain 2B interacts with both 1A and 2A domains with a buried
surface area of 2,400 A˚2 in order to adopt an inhibitory
conformation for occluding the ssDNA binding site (Figure S2C).
This suggests that ADP-AlF4
– binding alone is not sufficient to
relieve the steric hindrance imposed by domain 2B, and BaPif1
should undergo conformational changes in response to ssDNA
binding. Consistent with this notion, structural comparison
showed that domain 2B in both BaPif1-dT and BaPif1-dH dis-
played large conformational changes upon ssDNA bindingll Reports 14, 2030–2039, March 1, 2016 ª2016 The Authors 2033
Figure 4. DNABinding andUnwindingActiv-
ities of BaPif1 and Its Variants
(A) Mutational effects of BaPif1 on the binding of a
12 nt oligo-dT examined by EMSA.
(B) Quantification of the EMSA results shown in (A).
(C) Mutational effects of BaPif1 on the duplex DNA
unwinding. DNAH refers to the tailed dsDNA ob-
tained by annealing of oligo-dH with its comple-
mentary strand DNAc.
(D) Quantification of the duplex unwinding assays
shown in (C).
(E) Mutational effects of BaPif1 on the G4 DNA
unwinding.
(F) Quantification of the G4-unwinding assays
shown in (E).
In (B), (D), and (F), the error bars indicate SD of
each set of three measurements. SDS-PAGE gel
showing the purified mutant and wild-type BaPif1
proteins used in the assays is presented under-
neath (E). See also Figure S6.(Figure 5). When domain 1A of either BaPif1-dT or BaPif1-dH is
superimposed with that of BaPif1-ADF, the orientations of
domain 2B and 2A differ by 50 and 20, respectively. Such
conformational changes of 2B and 2A induced by the concom-
itant binding of ADP-AlF4
– and ssDNA allow BaPif1 to bind both
ligands efficiently, as evidenced by the ITC titrations (Figures
S3A and S3B).
To examine the functional significance of the 2B domain
conformational change, we mutated two residues, Gly249 and
Ala355, to proline in order to create two single mutants, G249P
and A355P. These two residues are located in the hinge regions
connecting the 2A and 2B domains, and Ala355 is conserved be-
tween bacteria and human Pif1 (Figure S1). Substitution of these
two residues to Pro would restrict the movement of domain 2B,
therefore affecting the enzymatic activities of BaPif1. In line with
this prediction, our functional assays showed that these two
proline mutants are defective in ssDNA binding, duplex, and
G4-DNA-unwinding activities of BaPif1 (Figure 4). These results
indicated that the conformational change of 2B caused by simul-
taneous binding of ATP and ssDNA is essential for the enzymatic
activities of BaPif1.
Structural Comparison of Pif1-like Helicases: Domain
Architecture and ssDNA Binding
Structural comparison of Pif1-like helicases Pif1, RecD2, and
Dda reveals large conformational differences in the domains
1A and 2B. As shown in Figure 6A, a pin-like b hairpin (domain2034 Cell Reports 14, 2030–2039, March 1, 2016 ª2016 The Authors1B) protrudes away from domain 1A in
RecD2 and Dda helicases and is impli-
cated in DNA unwinding (He et al., 2012;
Saikrishnan et al., 2009). In contrast, the
structurally equivalent region in BaPif1
forms the wedge region, which is critical
for the helicase activity of BaPif1.
Domain 2B has an SH3-like fold that
consists of five b strands tightly woven
into two b sheets connected by a variablelinker region (Figure 6B). The linker (residues 326–349) in BaPif1
forms two twisted b strands, whereas, in Dda, the equivalent re-
gion forms two helices as part of a structure referred to as
‘‘tower’’ (He et al., 2012). In BaPif1, the segment (residues
257–274) connecting domain 2B to the 2A domain forms two
short b strands (b9 and b10) with an extended loop in between
and interacts with the linker region described above, whereas
both RecD2 and Dda have no such segment. Moreover, Dda
has two additional b sheets in its 2B domain; one of which is
referred to as the ‘‘hook,’’ and the other forms part of the tower
(He et al., 2012). Conserved motifs A, B, and C are shared in Pif1,
RecD2, and Dda.
Motifs B and C form a b hairpin in domain 2B of BaPif1, of
which only one residue from each motif contacts ssDNA
(see above). Motif A is located in helix a8 of domain 2A of
BaPif1 and is not directly involved in either DNA binding or
unwinding.
To compare the ssDNA binding sites between BaPif1 and
RecD2, we used BaPif1-dT, because the interactions of oligo-
dT with BaPif1 are essentially identical between BaPif1-dT
and BaPif1-dH. Superposition of BaPif1-dT with RecD2-
ssDNA-ADPNP at domain 1A showed that ssDNA is bound in
a similar conformation in both ternary complexes, with the ma-
jority of the interactions of ssDNA with the helicase being
conserved along with the register of the nucleotide sequence
(Figure S5). The following interactions of ssDNA with helicase
are structurally invariant in the ternary complexes of BaPif1
Figure 5. Conformational Changes in BaPif1 Induced by the
Concomitant Binding of ADP-AlF4
– and ssDNA
The 1A domains of BaPif1-ADF and BaPif1-dT are superposed to show that
the orientations of domains 2A and 2B differ by 20 and 50, respectively. The
coloring scheme of BaPif1-ADF is presented as in Figure 1B, and BaPif1-dT is
shown in grey. The bound oligo-dT (purple) and ADP-AlF4
– (black sticks) in
BaPif1-dT are also shown. G249 and A355 in the hinge region of BaPif1-dT are
marked as red spheres. See also Figure S2.and RecD2; side chains of Asn288 and Asn296 (Asn596 and
Asn604 in RecD2) from domain 2B interacting with phosphates
of T6–T8; main chain of Gly56 and side chain of Thr66 (Gly391
and Thr407 in RecD2) from domain 1A with phosphate back-
bone of T6 and T7, respectively, and main chain of Lys237
and side chain of Thr359 (Arg554 and Thr644 in RecD2) from
domain 2A with T4 and T5, respectively. The side chains of
His361 and His68 (His646 and His409 in RecD2) stack against
the deoxyribose moieties at nucleotide positions T4 and T6,
respectively, whereas Val149 (Val470 in RecD2) is sandwiched
between the nucleotides T4 and T5. These observations indi-
cate the similar modes of ssDNA binding in the ternary com-
plexes of RecD2 and BaPif1-dT.
Mechanistic Insights into DNA Duplex Unwinding
A striking feature of the bound tracking strand in BaPif1-dH is
the 90 bend of the phosphate backbone at C9. The bent
tracking strand is stabilized by interactions with domains 1A
and 2B, which involve Ser89, Tyr91, and Lys92 in the wedge re-
gion and Leu291 from domain 2B. The bent conformation of the
tracking strand is clearly incompatible with continuous base
parings. Two regions in the wedge region, residues 88 and 89
of loop a4a5 and the N terminus of helix a5, would clash
with the unbent tracking strand, and Glu85 and Lys87 would
intervene with the paired bases of the incoming duplex (Fig-
ure S6). Moreover, Phe75 and Arg83 are in close proximity to
the ssDNA/dsDNA junction. However, single-site mutations of
Lys87 and Tyr91 to Ala had no effect on the unwinding activityCeof BaPif1 (Figure 4), whereas single-site alanine mutations of
Phe75, Arg83, Glu85, and Phe88 reduced the unwinding activ-
ity by 40%, 15%, 20%, and 35%, respectively (Figure S7).
These results suggest that no single amino acid in the wedge
region of BaPif1 could function as a pin to unwind the incoming
DNA duplex. Consistent with this result, a whole b hairpin
domain in RecD2 and Dda functions as a pin to split the
incoming DNA duplex (He et al., 2012; Saikrishnan et al.,
2008). Moreover, Phe98 in the pin of Dda is important for its
helicase activity, given that mutation of this residue to Ala
completely disrupts DNA unwinding, although translocation
on ssDNA is not affected (He et al., 2012). The bending of the
DNA duplex caused by the steric clash between the wedge
region of BaPif1 and the duplex are likely to occur prior to un-
winding. This prompted us to model the missing double-
stranded region with the tracking stand following the path of
the bent ssDNA observed in the structure of BaPif1-dH. In
this model (Figure 7A), the bent dsDNA could be accommo-
dated comfortably except for a minor clash between loop
290–294 in domain 2B and the incoming duplex.
Our structure of BaPif1-dH showed that the dsDNA used
during crystallization has been unwound, although BaPif1 is
not able to unwind this DNA substrate in the presence of
ADP-AlF4
–, (Figure S7). A simple explanation for this observa-
tion is that the simultaneous binding of ADP-AlF4
– and a tailed
dsDNA would cause the bending of the duplex region, therefore
leading to unwinding of the first few base pairs. The rest of the
duplex is likely to be unwound by thermal fraying, leaving the
tracking strand trapped in the crystal. Consistent with this
observation, kinetic data showed that the last 6 bp of the
duplex melt spontaneously due to thermal fraying (Ramana-
goudr-Bhojappa et al., 2013). Based on our structural observa-
tions and available biochemical data, we propose a mechanism
for duplex unwinding by Pif1 helicases (Figure 7B). Pif1 syner-
gistically binds ATP and the 50-tail of the duplex containing nu-
cleic acid. The binding involves rotation of domains 2A and 2B
and coupled translocation with ATP hydrolysis, as observed in
transition state analog-bound BaPif1-DNA complexes, BaPif1-
dT and BaPif1-dH. When the helicase comes in contact with
the duplex region, the steric hindrance imposed by the wedge
region induces bending of the tracking strand and, conse-
quently, partial unwinding of the duplex. After duplex bending,
additional ATP hydrolysis occurs concurrently with transloca-
tion along the duplex region, resulting in complete unwinding
of the duplex.
In several helicases, including SF2 helicases Vasa (Sengoku
et al., 2006) and bacterial RecQ (Manthei et al., 2015) as well
as SF1 helicases PcrA (Velankar et al., 1999) and UvrD (Lee
and Yang, 2006), a similar bent conformation of the bound nu-
cleic acid is observed. In Vasa, a conserved a helix in domain
1A, referred to as wedge, has been proposed to be a structural
determinant for unwinding the RNA duplex. In human RecQ1,
a b hairpin-like structure in the winged-helix domain has been
implicated in unwinding (Pike et al., 2015). In contrast, bacterial
RecQ lacks such a functional b hairpin wedge and has been
proposed to rely on DNA bending in order to facilitate DNA un-
winding. In SF1 DNA helicases PcrA, UvrD, RecD2, and Dda,
the unwinding of dsDNA is attributed to a b hairpin-like structure,ll Reports 14, 2030–2039, March 1, 2016 ª2016 The Authors 2035
Figure 6. Structural Comparison of the Pif1-
like Helicases
(A) Superposed 1A domains of BaPif1 (blue),
RecD2 (yellow), and Dda (grey) highlight the
conformational differences in the wedge and pin
regions. The wedge region in BaPif1 is shown in
red, whereas the pins in RecD2 andDda are shown
in magenta and green, respectively.
(B) Superposed 2B domains of BaPif1 (blue),
RecD2 (yellow), and Dda (grey). The linker region
within the SH3-like domain is a small loop in
RecD2, whereas it forms two strands, b15 and b16,
in BaPif1. However, the equivalent region in Dda
forms two helices, 2Ba1 and 2Ba2, that adopt a
structure referred to as tower. The hook region in
Dda corresponds to a loop in RecD2 and BaPif1. It
is interesting to note that Leu291, Asn288, and
Asn296 interact with ssDNA in BaPif1-dH. See also
Figure S5.which serves as a wedge (He et al., 2012; Lee and Yang, 2006;
Saikrishnan et al., 2009; Velankar et al., 1999). Moreover, the
bend at the ssDNA/dsDNA junction in PcrA and UvrD has been
proposed to contribute DNA unwinding by allowing the enzyme
to peel ssDNA away from the DNA duplex (Lee and Yang,
2006; Velankar et al., 1999). In BaPif1, the wedge region in BaPif1
appears to be critical for its helicase activity. The combined use
of an extended loop and a short helix in the wedge region by Pif1
rather than a rigid pin-like structure for unwinding probably ac-
counts for its multiple types of substrates including DNA/RNA
hybrids and dsDNAs as well as G4s.
Conclusions
In this work, we have described the structure of the helicase
core domain of hPif1 with bound ADP-AlF4
– (hPif1-HD) and
the structures of BaPif1 captured in several functional states.
The structure of hPif1-HD is basically the same as that of
BaPif1 in both apo- and ADP-AlF4
–-bound forms. Our struc-
tures revealed several important features of both hPif1 and
BaPif1. First, our structural data combined with mutagenesis
revealed the functional role of the Pif1 signature motif. Second,
the wedge region of Pif1 is distinct from the pin-like b hairpin
structure in other SF1 DNA helicases (Bhattacharyya and
Keck, 2014). Third, in the absence of DNA, Pif1 adopts an
inhibitory conformation to occlude DNA binding, and the syner-
gistic binding of ATP and ssDNA relieves this steric hindrance
to allow efficient DNA binding. Finally, we observed a sharply
bent ssDNA, which is reminiscent of the bent ssRNA in RNA
helicase Vasa (Sengoku et al., 2006) and the bent ssDNA in
bacterial RecQ (Manthei et al., 2015), PcrA (Velankar et al.,
1999), and UvrD (Lee and Yang, 2006). This enabled us to pro-
pose a putative mechanism by which Pif1 unwinds its DNA
duplex substrates. Unwinding of DNA/RNA hybrids and G42036 Cell Reports 14, 2030–2039, March 1, 2016 ª2016 The Authorsstructures form the core of the multifac-
eted biochemical functions of Pif1; how-
ever, the underlying mechanism remains
elusive. Our structural analyses and the
biochemical data presented here providea framework for elucidating the molecular basis of unwinding
DNA/RNA hybrids and G4 DNAs in the future.
EXPERIMENTAL PROCEDURES
Cloning, Overexpression, and Purification of BaPif1 and Its Mutants
The gene encoding Pif1 from Bacterioides sp. 2-1-16 was synthesized and
cloned in to pGEX-6P-1 such that the expressed protein would have an N-ter-
minal glutathione S-transferase (GST)-tagged protein. The construct was
transformed into expression host E. coli BL21 (DE3), and cells were grown in
lysogeny broth medium containing 100 mg ml1 ampicillin at 37C until the
OD600 reached 0.4–0.6. The cells were then induced by adding 0.1 mM isopro-
pyl thiogalactoside and grown at 18C for another 16 hr. Cells were harvested
by centrifugation. Cell pellet was resuspended in a buffer containing 20 mM
Tris (pH 7.5), 500 mM NaCl, and 2 mM DTT and lysed by sonication. After
centrifugation, the clarified cell lysate was incubated with glutathione-sephar-
ose 4B beads, and GST-tagged BaPif1 was eluted with buffer consisting of
buffer A and 25 mM reduced glutathione. GST tag was cleaved by prescission
protease, and the released BaPif1 was further purified to homogeneity by suc-
cessive chromatographic steps involving glutathione-sepharose 4B beads,
anion ion exchange, and gel-filtration columns. Pure protein fractions in buffer
containing 20mmTris (pH 7.5), 150mMNaCl, and 2mMDTTwere used for the
crystal screening. Selenomethionine-substituted BaPif1 (seMet-BaPif1) was
expressed in a minimal medium containing 20 mg L1 of L-selenomethionine
and purified in the same way as the native protein, except that 10 mM DTT
was used in all steps of purification. The single-site mutants of BaPif1, T66A,
H68A, S69A, F75A, R83A, E85A, K87A, F88A, Y91A, K92A, I118A, I118E,
I118P, R123A, V149A, N296A, T359A, F379A, G249P, and A355P were also
constructed in the same vector using two primers, with required mutation us-
ing PCR. All the mutants were purified with the same protocol as the wild-type
BaPif1. Circular dichroism spectroscopic measurements with wild-type and
mutant enzymes yielded similar spectra, suggesting that the mutations had
no effect on general protein folding and stability.
Crystallization and Structure Determination of BaPif1 and hPif1
Crystallization trials for both the helicases were performed at 18C using
the sitting drop vaporization method with drop sizes of 200 nL and a
Figure 7. Insights into DNA Unwinding Activity of BaPif1
(A) Cartoon representation of BaPif1 with the modeled duplex DNA (yellow).
Nucleotides C9 and G10 observed in BaPif1-dH are superposed with nucle-
otides 2 and 3 of the modeled duplex to represent the bent conformation of the
duplex region. As a result of translocation and bending of phosphate back-
bone, it is likely that the first two base pairs of the duplex region are unwound,
as represented in the model. The wedge and the signature motif are also
shown.
(B) Proposed mechanism of duplex unwinding by BaPif1.
In the apo form, the accessory domain 2B in BaPif1 is in an inhibitory
conformation so that the ssDNA binding site is occluded. The concomitant
binding of tailed dsDNA and ATP results in rotation of domains 2A and 2B
relative to domain 1A. Translocation of the Pif1 helicase would lead to a duplex
region clash with the wedge region. Such steric hindrance imposed by the
wedge region with the incoming duplex would induce the bending of the
phosphate backbone of the DNA duplex, as evidenced in BaPif1-dH. Sub-
sequently, the Pif1 helicase would restore to the apo form after complete
unwinding of the DNA duplex. See also Figure S6.
Ceprotein concentration of 10–15 mg ml1. Crystals of wild-type BaPif1 were
grown in 200 mM MgCl2, 0.1 M Tris (pH 7.0), and 10% PEG 8000. ATP tran-
sition-state analogue ADP-AlF4
– was added to the crystallization cocktail in
order to obtain crystals of BaPif1-ADF. Crystals of seMet-BaPif1 were also
obtained in the same crystallization condition by macro seeding. Crystallo-
graphic datasets were collected at the Shanghai synchrotron radiation fa-
cility. The structure of BaPif1 was determined at 3.5 A˚ using anomalous
data collected from a seMet-BaPif1 crystal with Phenix (Adams et al.,
2010). HySS was used to locate 26 tentative Se positions corresponding
to a dimer in the asymmetric unit, of which 13 had an occupancy greater
than 1. Phasing was carried out with EP-Phaser, and the figure of merit
based on the initial sites was 0.33. The map was further improved by den-
sity modification with Resolve (Terwilliger, 2003). The initial automated
model building revealed few strands and helices clearly distinct from the
bulk solvent, but not contiguous segments, allowing visualization of the
protein backbone. The initial model was built with 500 residues, out of
which only 50 could be assigned to the sequence. Rwork and Rfree of the
model, and the corresponding maps were 41% and 45%, respectively.
The protein backbone resembling a protomer of RecA-like domain of heli-
cases was built manually into skeletonized map with Coot (Emsley et al.,
2010). The density corresponding to this molecule from the initial map
was cut out and used as a model for molecular replacement into native
BaPif1 dataset diffracting to 2 A˚. Furthermore, successive model building
with Coot and refinement were carried out with Refmac (Murshudov
et al., 1997) and phenix_refine.
Crystals of hPif1-HD were obtained in a crystallization cocktail consisting of
3% tacsimate, 0.1M Bis-Tris (pH 6.0), 15% glycerol, and 15% PEG8000. Most
crystals obtained were tiny and resulted in poor diffraction in the range of
4–6 A˚. Extensive efforts including seeding, dehydration, and crosslinking re-
sulted in few crystals diffracting to better resolution than 4 A˚. The structure
of hPif1-HD was determined at 3.5 A˚ with a high solvent content of 75% and
two polypeptide chains in the asymmetric unit. Most of the main-chain atoms
could be traced in the electron density except for residues 200–204, 350–356,
600–601, and 616–641. ADP-AlF4
 added in the crystallization could be
modeled in the difference Fourier map. Data collection and refinement statis-
tics are given in Table S1.
Crystallization and Structure Determination of BaPif1-dT and
BaPif1-dH
Crystals of ssDNA-bound BaPif1 were obtained in the presence of two
different DNA oligonucleotides, dT and dH. BaPif1 was incubated with a 10
nt poly dT (50-TTTTTTTTTT-30) at a molar ratio of 1:1.2, and good diffracting
crystals were obtained in the crystallization cocktail containing 4 M sodium
formate, 0.1 M HEPES (pH 7.1), and 5% glycerol. Two oligonucleotides
with DNA sequences 50-TTTTTTTCCGGGGCCGCGC-30 (dH) and 50-GCG
CGGCCCCGG-30 (DNAc) were annealed in order to generate a dsDNA with
a 50 tail, hereby referred to as DNAH. The protein sample was incubated
with DNAH at a molar ratio of 1:2, and the resulting protein-DNA complex
was purified to homogeneity using size-exclusion chromatography. Then,
crystallization trials were set up. Crystals were obtained in a condition con-
taining 18% PEG 4000, 10% isopropanol, 0.1 M HEPES (pH 7.0), and 0.2 M
sodium acetate. ADP-AlF4
– was added to the protein-DNA mixture in both
crystallization trials. The crystal structures of BaPif1-DNA-bound forms were
determined with successive rounds of molecular replacement (McCoy et al.,
2007) with various truncated forms of wild-type BaPif1.
In all these structures (BaPif1-apo, BaPif1-ADF, BaPif1-dT, and BaPif1-dH),
the final model was built to acceptable stereo-chemical values with iterative
model building and refinement cycles using CCP4 (Winn et al., 2011) and
Phenix (Adams et al., 2010). The automatic water-picking algorithm of phe-
nix_refine was utilized to identify solvent molecules. The positions of these
automatically picked waters were manually checked for hydrogen bonding
patterns, and a few more waters were identified on the basis of electron den-
sity contoured at 1.0 s in the 2Fo  Fc map and 3.0 s in the Fo  Fc map. The
difference (Fo Fc) map was utilized to identify and build ADP, AlF4– and Mg2+
in the binary complex, BaPif1-ADF and appropriate DNA in the tertiary com-
plexes, and BaPif1-dT and BaPif1-dH. Data collection and refinement statis-
tics are given in Table S1.ll Reports 14, 2030–2039, March 1, 2016 ª2016 The Authors 2037
DNA Binding Assays
DNA binding by BaPif1 was examined with electrophoretic mobility shift
assay (EMSA). Oligonucleotides dT12 and dT20 were synthesized with a
30-biotin label. The reactions were carried out with the addition of 2 mM
ADP-AlF4
–, 40 nM oligonucleotides, and 40 nM BaPif1 to the final 10 ml
reaction mixture and incubated at 25C for 30 min. Then, samples were elec-
trophoresed at 80 V for 50 min in 6% TBE gel and quantified with Chemidoc
(Bio-Rad).
Helicase Assay
The oligos 50-TTTTTTTCCGGGGCCGCGC-30 (dH) and 50-GCGCGGCCC
CGG-30 (DNAc) were annealed to form the substrate DNAH. DNAc was bio-
tinylated for easy detection. The annealed substrate forms a duplex of 12 bp
with a 50 overhang of dT7. BaPif1 (400 nM) was preincubated with 40 nM
DNA in a buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM DTT,
and 5% glycerol. The reactions were initiated with the addition of 4 mM ATP
and 4 mMMgCl2, incubated at 30
C for 30 min, and stopped with the addition
of 50 mM EDTA and 8 mM DNA trap (12 bp unlabeled oligonucleotide). Reac-
tion products were loaded on a 12% polyacrylamide non-denaturing gel and
resolved by electrophoresis at 4C and 10 V/cm in TBE 0.5X buffer. After
that, the EMSA kit was used to detect the DNA product, and quantification
was performed with Chemidoc.
G4 Unwinding Assay
The oligonucleotide dT25-OX (T25GGGGTTTTGGGG) containing the OX G4
motif with a 25 base poly-dT 50 extension (Sanders, 2010) was annealed in or-
der to obtain functional G4 DNA substrate. Oligonucleotide was adjusted to
250 mM in 0.1 M KCl, 1.9 M NaCl, and 1X TE buffer. After overlaying with min-
eral oil, the solution was incubated for 16–20 hr at 60C. The dT25-OX G4 was
purified with electro-elution. 1 mM protein was preincubated with 100 nM pu-
rified G4 DNA in assay buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl,
2 mM DTT, and 5% glycerol. The reactions were initiated with the addition
of equimolar mixture of ATP and MgCl2 (4 mM). After incubation for 30 min
at 30C, the reactions were stopped with 50 mM EDTA. Reaction products
were loaded on a 12% polyacrylamide non-denaturing gel and resolved with
electrophoresis at 4C and 10 V/cm in TBE 0.5X buffer. Gel red nucleic dye
(Biotium) was used to detect the DNA product.
Isothermal Titration Calorimetry
ITC measurements were performed at MicroCalVP-ITC (MicroCal). Protein
samples were dialyzed into a buffer containing 20 mM Tris (pH8.0) and
150 mM NaCl. To analyze the binding of dT10 to BaPif1 with or without
2 mM ADPAlF4–, we injected 50 mMdT10 into the calorimetric cell containing
10 mMprotein with or without ADPAlF4–. All titrations were performed at 25C
and initiated with 5 ml injection followed by 24 10 ml injections with 240 between
injections. The raw data represented the heat signal (mcal/s) versus time (min)
and were analyzed with Origin 7.0 fitted to a single-site binding model.
ACCESSION NUMBERS
The atomic coordinates and structure factor amplitudes of BaPif1, BaPif1-
ADF, BaPif1-dT, BaPif1-dH, and hPif-HD have been deposited to the Pro-
tein Data Bank and are available under accession numbers PDB:5FHG,
PDB:5FHF, PDB:5FHE, PDB:5FHD, and PDB:5FHH, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information contains Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.02.008.
AUTHOR CONTRIBUTIONS
H.S. conceived and designed the experiments; X.Z., W.R., S.R.B., X.T., Y.H.,
C.C., Z.L., and D.L. performed the experiments; X.Z., W.R., S.R.B., and H.S.
analyzed the data; and S.R.B. and H.S. wrote the manuscript.2038 Cell Reports 14, 2030–2039, March 1, 2016 ª2016 The AuthorsACKNOWLEDGMENTS
Wewould like to thank the beamline scientists at BL17U of Shanghai Synchro-
tron Radiation Facility in China, BL13b1 of National Synchrotron Radiation
Research Center in Taiwan, and ID23 of Diamond light source in the United
Kingdom for assistance and access to synchrotron radiation facilities. This
work was supported by the Natural Science Foundation of China (grant no.
31470723) and the Agency for Science, Technology and Research in
Singapore.
Received: October 15, 2015
Revised: January 20, 2016
Accepted: February 2, 2016
Published: February 18, 2016
REFERENCES
Adams, P.D., Afonine, P.V., Bunko´czi, G., Chen, V.B., Davis, I.W., Echols, N.,
Headd, J.J., Hung, L.W., Kapral, G.J., Grosse-Kunstleve, R.W., et al. (2010).
PHENIX: a comprehensive Python-based system for macromolecular struc-
ture solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221.
Barranco-Medina, S., and Galletto, R. (2010). DNA binding induces dimeriza-
tion of Saccharomyces cerevisiae Pif1. Biochemistry 49, 8445–8454.
Bhattacharyya, B., and Keck, J.L. (2014). Grip it and rip it: structural mecha-
nisms of DNA helicase substrate binding and unwinding. Protein Sci. 23,
1498–1507.
Bochman, M.L., Sabouri, N., and Zakian, V.A. (2010). Unwinding the functions
of the Pif1 family helicases. DNA Repair (Amst.) 9, 237–249.
Bochman, M.L., Judge, C.P., and Zakian, V.A. (2011). The Pif1 family in pro-
karyotes: what are our helicases doing in your bacteria? Mol. Biol. Cell 22,
1955–1959.
Boule´, J.B., and Zakian, V.A. (2006). Roles of Pif1-like helicases in the mainte-
nance of genomic stability. Nucleic Acids Res. 34, 4147–4153.
Boule´, J.B., and Zakian, V.A. (2007). The yeast Pif1p DNA helicase preferen-
tially unwinds RNA DNA substrates. Nucleic Acids Res. 35, 5809–5818.
Boule´, J.B., Vega, L.R., and Zakian, V.A. (2005). The yeast Pif1p helicase
removes telomerase from telomeric DNA. Nature 438, 57–61.
Byrd, A.K., and Raney, K.D. (2015). A parallel quadruplex DNA is bound tightly
but unfolded slowly by pif1 helicase. J. Biol. Chem. 290, 6482–6494.
Chib, S., Byrd, A.K., and Raney, K.D. (2016). Yeast Helicase Pif1 Unwinds
RNA:DNA Hybrids with Higher Processivity than DNA:DNA Duplexes. J. Biol.
Chem. 2, 2.
Chisholm, K.M., Aubert, S.D., Freese, K.P., Zakian, V.A., King, M.C., and
Welcsh, P.L. (2012). A genomewide screen for suppressors of Alu-mediated
rearrangements reveals a role for PIF1. PLoS ONE 7, e30748.
Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K. (2010). Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501.
Galletto, R., and Tomko, E.J. (2013). Translocation of Saccharomyces cerevi-
siae Pif1 helicase monomers on single-stranded DNA. Nucleic Acids Res. 41,
4613–4627.
George, T., Wen, Q., Griffiths, R., Ganesh, A., Meuth, M., and Sanders, C.M.
(2009). Human Pif1 helicase unwinds synthetic DNA structures resembling
stalled DNA replication forks. Nucleic Acids Res. 37, 6491–6502.
Gu, Y., Masuda, Y., and Kamiya, K. (2008). Biochemical analysis of human
PIF1 helicase and functions of its N-terminal domain. Nucleic Acids Res. 36,
6295–6308.
He, X., Byrd, A.K., Yun, M.K., Pemble, C.W., 4th, Harrison, D., Yeruva, L., Dahl,
C., Kreuzer, K.N., Raney, K.D., and White, S.W. (2012). The T4 phage SF1B
helicase Dda is structurally optimized to perform DNA strand separation.
Structure 20, 1189–1200.
Hou, X.M., Wu, W.Q., Duan, X.L., Liu, N.N., Li, H.H., Fu, J., Dou, S.X., Li, M.,
and Xi, X.G. (2015). Molecular mechanism of G-quadruplex unwinding
helicase: sequential and repetitive unfolding of G-quadruplex by Pif1 helicase.
Biochem. J. 466, 189–199.
Ivessa, A.S., Zhou, J.Q., and Zakian, V.A. (2000). The Saccharomyces Pif1p
DNA helicase and the highly related Rrm3p have opposite effects on replica-
tion fork progression in ribosomal DNA. Cell 100, 479–489.
Lahaye, A., Leterme, S., and Foury, F. (1993). PIF1 DNA helicase from Saccha-
romyces cerevisiae. Biochemical characterization of the enzyme. J. Biol.
Chem. 268, 26155–26161.
Lee, J.Y., and Yang, W. (2006). UvrD helicase unwinds DNA one base pair at a
time by a two-part power stroke. Cell 127, 1349–1360.
Liu, N.N., Duan, X.L., Ai, X., Yang, Y.T., Li, M., Dou, S.X., Rety, S., Deprez, E.,
and Xi, X.G. (2015). The Bacteroides sp. 3_1_23 Pif1 protein is amultifunctional
helicase. Nucleic Acids Res. 43, 8942–8954.
Lopes, J., Piazza, A., Bermejo, R., Kriegsman, B., Colosio, A., Teulade-Fichou,
M.P., Foiani, M., and Nicolas, A. (2011). G-quadruplex-induced instability dur-
ing leading-strand replication. EMBO J. 30, 4033–4046.
Manthei, K.A., Hill, M.C., Burke, J.E., Butcher, S.E., and Keck, J.L. (2015).
Structural mechanisms of DNA binding and unwinding in bacterial RecQ heli-
cases. Proc. Natl. Acad. Sci. USA 112, 4292–4297.
McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni, L.C.,
and Read, R.J. (2007). Phaser crystallographic software. J. Appl. Cryst. 40,
658–674.
Murshudov, G.N., Vagin, A.A., and Dodson, E.J. (1997). Refinement of macro-
molecular structures by the maximum-likelihood method. Acta Crystallogr. D
Biol. Crystallogr. 53, 240–255.
Myung, K., Chen, C., and Kolodner, R.D. (2001). Multiple pathways cooperate
in the suppression of genome instability in Saccharomyces cerevisiae. Nature
411, 1073–1076.
Paeschke, K., Capra, J.A., and Zakian, V.A. (2011). DNA replication through
G-quadruplex motifs is promoted by the Saccharomyces cerevisiae Pif1
DNA helicase. Cell 145, 678–691.
Paeschke, K., Bochman, M.L., Garcia, P.D., Cejka, P., Friedman, K.L., Ko-
walczykowski, S.C., and Zakian, V.A. (2013). Pif1 family helicases suppress
genome instability at G-quadruplex motifs. Nature 497, 458–462.
Pike, A.C., Gomathinayagam, S., Swuec, P., Berti, M., Zhang, Y., Schnecke,
C., Marino, F., von Delft, F., Renault, L., Costa, A., et al. (2015). Human
RECQ1 helicase-driven DNA unwinding, annealing, and branch migration:
insights from DNA complex structures. Proc. Natl. Acad. Sci. USA 112,
4286–4291.
Ramanagoudr-Bhojappa, R., Chib, S., Byrd, A.K., Aarattuthodiyil, S., Pandey,
M., Patel, S.S., and Raney, K.D. (2013). Yeast Pif1 helicase exhibits a one-
base-pair stepping mechanism for unwinding duplex DNA. J. Biol. Chem.
288, 16185–16195.CeRaney, K.D., Byrd, A.K., and Aarattuthodiyil, S. (2013). Structure and Mecha-
nisms of SF1 DNA Helicases. Adv. Exp. Med. Biol. 767, 17–46.
Ribeyre, C., Lopes, J., Boule´, J.B., Piazza, A., Gue´din, A., Zakian, V.A.,
Mergny, J.L., and Nicolas, A. (2009). The yeast Pif1 helicase prevents genomic
instability caused by G-quadruplex-forming CEB1 sequences in vivo. PLoS
Genet. 5, e1000475.
Saikrishnan, K., Griffiths, S.P., Cook, N., Court, R., and Wigley, D.B. (2008).
DNA binding to RecD: role of the 1B domain in SF1B helicase activity.
EMBO J. 27, 2222–2229.
Saikrishnan, K., Powell, B., Cook, N.J., Webb, M.R., and Wigley, D.B. (2009).
Mechanistic basis of 50-30 translocation in SF1B helicases. Cell 137, 849–859.
Sanders, C.M. (2010). Human Pif1 helicase is a G-quadruplex DNA-binding
protein with G-quadruplex DNA-unwinding activity. Biochem. J. 430, 119–128.
Schulz, V.P., and Zakian, V.A. (1994). The saccharomyces PIF1 DNA helicase
inhibits telomere elongation and de novo telomere formation. Cell 76, 145–155.
Sengoku, T., Nureki, O., Nakamura, A., Kobayashi, S., and Yokoyama, S.
(2006). Structural basis for RNA unwinding by the DEAD-box protein
Drosophila Vasa. Cell 125, 287–300.
Singleton, M.R., Dillingham, M.S., and Wigley, D.B. (2007). Structure and
mechanism of helicases and nucleic acid translocases. Annu. Rev. Biochem.
76, 23–50.
Terwilliger, T.C. (2003). SOLVE and RESOLVE: automated structure solution
and density modification. Methods Enzymol. 374, 22–37.
Velankar, S.S., Soultanas, P., Dillingham,M.S., Subramanya, H.S., andWigley,
D.B. (1999). Crystal structures of complexes of PcrA DNA helicase with a DNA
substrate indicate an inchworm mechanism. Cell 97, 75–84.
Wilson, M.A., Kwon, Y., Xu, Y., Chung, W.H., Chi, P., Niu, H., Mayle, R., Chen,
X., Malkova, A., Sung, P., and Ira, G. (2013). Pif1 helicase and Pold promote
recombination-coupled DNA synthesis via bubble migration. Nature 502,
393–396.
Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J., Emsley, P., Evans,
P.R., Keegan, R.M., Krissinel, E.B., Leslie, A.G., McCoy, A., et al. (2011). Over-
view of the CCP4 suite and current developments. Acta Crystallogr. D Biol.
Crystallogr. 67, 235–242.
Zhang, D.H., Zhou, B., Huang, Y., Xu, L.X., and Zhou, J.Q. (2006). The human
Pif1 helicase, a potential Escherichia coli RecD homologue, inhibits telome-
rase activity. Nucleic Acids Res. 34, 1393–1404.
Zhou, J., Monson, E.K., Teng, S.C., Schulz, V.P., and Zakian, V.A. (2000). Pif1p
helicase, a catalytic inhibitor of telomerase in yeast. Science 289, 771–774.
Zhou, R., Zhang, J., Bochman, M.L., Zakian, V.A., and Ha, T. (2014). Periodic
DNA patrolling underlies diverse functions of Pif1 on R-loops and G-rich DNA.
eLife 3, e02190.ll Reports 14, 2030–2039, March 1, 2016 ª2016 The Authors 2039
